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INTRODUCTION

A need has been frequently expressed for quantitative
data on the depth of penetration of :ieterrent coatings on the
propellants used in the current small caliber cartridges.
Such data are required as inputs for interior ballistic computer

programs that deal explicitly with the characteristics of the
deterrud layer. Although suca programs have been developed,

their use is severely limited because of the lack of reliable
input data, especially those data dealing with the outer
r~egions of the propellant grains that have been impregnated
with deterrent (ref 1). Data on the deterred layer are also
needed in the analysis of pressure-time curves from closed-
bomb firings that were conducted to investigate the burning
behavior of consolidated charges (ref 2). Similarly, other
interior ballistic efforts aimed toward defining the ignition
and combustion processes occurring in small caliber cl'arges
depend on ktnowledge of characteristics of the deterred layer (ref 3).

The depth of penetration of the deterrent, its chemical
ident [ty, and its concentration level in the propellant
are believed to characterize the deterred region from a

chedlical point of view for purposes of interior ballistic
calculations (ref 4). The reason that the depth of penetration
and the concentration of deterrent in the total propellant

composition are considered sufficient to chemically characterize
the deterred layer is due to the special shape of the concentration
profile of the deterrent in propellant grains.

The deterrent concentration profile has been determined
to have the shape depicted in figure I extracted from reference 5.
The figure shows the shape of a diffusion front of a giveiL
plasticizer into a polymer matrix. This shape indicates that

the deterrent concentration is nearly constant in the deterred

layer and falls off sharply at the boundary line. The shape
is attributed to tha interactiun betw.en the plasticizer
(i.e., the deterre-.t) and the polymer (i.e., nitrocellulose) (ref 6).

Microscopic studies of microtomed Lections as well as auto-
radiographic studies of the concentration profile of di-n-butyl
phthalate (DBP) in double-base ball propellants have confirmed the

shape of figure 1 for ball propellants (refs 7, 8, 9). These
studies also indicated that the depth of penetration observed with
the optical microscope corresponds to the actual depth.
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CONCENTRATION OF
DIFFUSING
SUBSTANCE

1

DISTANCE OF POLYMER

Figure 1. Concentration profile of interacting
plasticizer diffusing into polymer matrix.

As a result of an extensive study of the diffusion of DBP
into double-base ball propellants, a method for calculating the
depth of penetration for ball propellants was developed (ref 9).
This method is based on the conclusion that the final concentration
profile can be best explained by a diffusion with interaction

mechanism.

qtudies of the depth of penetration have also been done on
single-base extruded and double-base extruded pripellants by means
of microscopic studies of microtomed sections (refs 10, 11). How-
ever, the specific materials studied were experimental propellants

not used in current cartridges. An extensive study of the concen-
tration gradient of extruded propellants deterred with camphor,
diethyl phthalate, or ethyl centralite has been reported. The
method used involved the extraction and subsequent chemical analysis

of microtomed sections. Both gas chromatography and mass spectrometry
were used in the analysis. The studies indicate that, as with

2
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ball propullants, the shape of the deterrent gradient is as depicted
in figure I (ref 12). Consequentiv, in this study, the assumption

is that the shape of the concentration profile of the deterrent
resembles figure 1 for extruded propellants.

The consequence of a square-wave deterrent concentration
profile is that one can assume a constanL 1, vel of deterrent in
the deterred region and that all of the derterrent in the propellant

is evenly distributed through the deterred region. Furthermore,
one can confidently use optical means for measu'dng the depth of
penetr a t ion.

From the depth of penetration data, one can calculate the
composition of the deterrent-containing region and the composition
of the undeterred region from the known overall conmpositions.
Once the compositions are known, one can obtain the thermochemical
properties. In this study, two computational approaches were
used, the 11irschfelder-Sherman method anc, the BLAKE code.

In addition to the thermochemical data, knowledge of the
burning rate behavior of the propellants, as a function of pressure,

is required input for the more advanced small arms interior ballistics
calculations. For DBP deterred, double-base, ball propellants,
the burning rate versus pressure relationship of the deterred
layer can be obtained from the concentration of dibutyl phthalate,
nitroglycerin, and nitrtcellulose in that layer. This was made
possible as a result of extensive closed-bomb studies aimed toward
establishing the relationship between the chemical composition at
various layers in ball propellants and their burning rate behavior
(ref 13). A simplified approach had been proposed previously and
this approach includes a means f-or dealing with the grain size
distribution found in ball propellants (ref 4).

EXPEF IMENTAL

Materials

The propellants selected for this efforL are listed in table 1
along with some of the cartridges in which they are used. The
propellants are representative of double-base ball propellants and
of single-base extruded propellants coated with either dinitro-
toluene, ethylene dimethacrylate, or methyl centralite.

Measurements

The propellant grains were mounted on ceramic insulator rods
approximately 3.2mm in diameter with Titebond Glue (Franklin Glue
Co.). Thin sections, 20 to 3011 thick, were then made with a sliding
microtome.

3



Table 1. Propellants used in this study and their applications.

Propoelant Designationa CaIrtrid g&eT_(cI

WC 846 7.62 mm NATO, Match 118
Ball M80
Tiacer M62

AP M61
Ball M59
Reference b

(5.56 nmm Ball M193)

WC 870 20 mm HPT
M54AI HEI

M56A3.

IMR 4227 Not used in current military

cartridges. Used in experimental
caseless and consolidated charge

munit ions.

IMR 4350 Closed-bomb standard.

IMRP 8138M Not used in current military

cartridges. Hlad been used in
7.62 mm NATO, Ball M80.

IMR 4895 Cal. .30 Match M72, API M14,

grenade rifle M3, AP M2, Tracer
M25, Ball M2, Reference,
7.62 mm NATO Match M118.

IMR 5010 Cal. .50 Tracer M17, MIO, Ml,

Ball M33, APIT M20, API M8, AP M2.

CMR-160 Experimental double-base extruded
propellant for 7.62 mm cartridges.

aThe propellants used in this study, along with their chemical

composition, are given In table 2. The grain dimensions of the
extruded propellants or sieve-size distributions for the ball
propellants are listed in table 3.

bsince 1971, the ball propellant used in this cartridge has been

designated as WC 844 and is nearly identical to WC 846.
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Measurements were made with a Leitz, Inc., Multipurpose,
Measuring Microscope. This microscope is fitted with a digital micro-
meter, model 4098, and with a readout unit, model 1-525.5, both made
by IKL, Inc. The unit provides automatic digital readout of measure-
ments made with the micros'.zope. A camera attachment with a polaroid
pack affords the means for making the photomicrographs.

The deterred layer was readily evident in the ball propellants,
i.e., in WC 846 and WC 870, and in IMR 8138M and IMR 5010. However, in
the IMR 4227, IMR 4350, and IMR 4895, and in the CMR 160 propellants,
the deterrent-containing regions were difficult to distinguish. Micro-
tomed sections of those propellants were treated with an alcoholic
solution of crystal violet as suggested by Quinlan (ref 10) to ,btaln
sufficient contrast between the deterred and undeterred regions. All
measurements and photomicrographs were made with a combination of
incidept and transmitted light.

Five to ten grains were usually sectioned and five to ten
sections were made from each grain. Since the thickness of the
deterred layer often varied at different locations on the grain, the
deterrent penetration was measured at a minimum of four locations to
obtain measurements more representative of the grain as a whole.

RESTULTS

Photomicrographs of sectioned grains of the various propellants
are given in figures 2, 3, and 4. The results of depth of penetration
measurements are given in table 4.

The mean depth of penetration of DBP in the WC 870 propellant
(DBP concentration 5.68 percent) obtained in this study was 56.0p
(0.0022 inch). This can be compared with results obtained by Brodman,
et al. (ref 9) where WC 870 baL,. grain propellant was used. For a
DBP concentration of 5.17 percent, a dept.i of penetration of 42.2p
(0.0017 inch) was reported. For a DBP concentration of 6.53 percent,
a depth of penetration of 47.5p (0.0019 inch) was reported. The
agreement of the results is satisfying in view of the fact that the
propellants involved were not idetitical and that the deterring
processes were somewhat different.

Small arms propellant lots are usually blends of two or ire
sublots. Blending is necessary because the quality of the product of
the propellant manufacturing process is difficult to control to a high
enough degree. In part, this difficulty arises from the major propel-
lant ingredient, nitrocellulose, derived from a natural product, for
example, wood pulp, whose quality varies. In addition, dimensional
control oi' the grains and control of the deterrent level and depth of
penetration are not sufficiently high.

7
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WC 870 75.6X

aa

WC 846 31.5X WC 846 75.6X

Figure 2. Photomicrographs of sectiUns of WC 870 and

WC 846 ball propellants.
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IMR 4227 75,bX IMR 4350 75,6X

24,

IMR 8138M 75.6X IMR 4895 75.6X

Figure 3. Photomicrographs of sections of IMR 4227,
IMR 4350, and IMR 4895 propellants.
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IMR 5010 31,5X

CMR 160 75.6X

Figure 4. Photomaicrographs of sections of IMR 5010 and
C1R 160 propellants.
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Two or mcre different sublots of propellant are usually blended
to meet ballistic performance requirements. Consequently, a given
lot can contain grains from different base grain lots and from

different coating runs with different deterrent levels and depths of
penetration.

Industry practice is. at least with the propellants dealt
with iin this report, that materials are not blended which differ widely
in bellistic behavior. Nevertheless, because small arms propellant lots

are blends, no attempt was made to systematize the measurements in

terms of the base grain composition or in terms of deterrent. Rather,
the data on depth of penetration are pre3ented in terms of the mean

SiLd standard deviation for use as computer input for interior ballistic
calculations.

THERMOCHEMICAL CALCULATIONS

Once the depth of penetration is known, and using the overall
composition of the propellant, one can calculate the compositions
of the deterred and undnterred regions of small arms propellant
grains. Furthermore, this then permits calculation of thermochemical
data such as impetus and flame temperature for the separate regions.

One can also estimate burning rate versus pressure parameters from
these data using various empirical estimation techniques.

The procedure used in this study for calculating the composition
of the deterrent-containing and undeterred region of the ball propel-

lants is described first. The procedure is complicated by the fact
that the ball propellant manufacturing process results in a fairly
wide size distribution of particles that are more or less spherical.
After the particles have been classified by sieving, those particles

within a certain size range are deterrent coated. If the product is

a rolled-ball propellant, the deterrent-coated particles are passed

through rollers which transform the spherical particles into discs

of uniform thickness. The larger particles are most severely
distorted and may exhibit fissures or notches.

The procedure used to obtain the compositions of the deterred
and undeterred regions of WC 846 propellant, which is a rolled-ball
type, follows the model developed by Goldstein (refs 14, 15).

In these calculations, the following assumptions are made:

1. The grains have the form of discs with rounded edges
and have a uniform thickness (see figure 5, which is taken from ref-
erence 15).

12
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XI

Figure 5. Geometry of a rolled-ball grain.

2. The deterrent concentration gradient: is a step function,

as in figure 1.

3. The nitroglycerin, which is diffused into the grain

after formation of the spherical particles, is assumed to be

uniformly distributed throughout the grain.

Since the particle size varies, the description of the grain

geometry of a given ball propellant for purposes of interior ballistic

calculations can be expressed as the equivalent mean diameter D(S)

based on particle surface area (ref 15). D (S) is calculated from0

the following equation with the particle size distribution obtained

from a sieve analysis of the propellant.

Z(2Ri)2 
Fi]1/2

D (s) __ V_

NVi

where, Fi V
SVt

13
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R = average radius of grains within a given sieve range.

Vi = the initial volume of single grain of radius Ri
iI

VC = volume occupied by a unit weight of pcopellant

Ni = number of grains having radiua Ri

Description sheets accompanying ball propellant losts usually give
the sieve analysis results. The particle size distribution for WC 846,
Lot BAJ 45608, used in this study, is given in table 3. Values

used for calculating D (S) for the propellant are given in table 5.o

Table 5. Values for calculating D (S) WC 846

FiU.S. L Lib c

Sieve No. S eve i i
Opening
(MM) (mm) (nu) (mm)

20 .841
.011 25 .707 .774 .4684 .2208
.20.5 30 ,595 .651 .3814 .1396
.250 35 .500 .548 .3086 0.0879
.502 40 .420 .460 .2464 0.0527
.028 45 .354 .387 .1947 0.03045
.002 50 - .297 .326 .1546

a L +
L 1-1 + Li

Li 1 2

b
Ri r (T2r-r) (2)

2i1

where r web 0.381 . 0.1905mm
2 2

V average volume of a rolled ball grain within a given sieve
size range.

14
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The average volume of the rolled-ball grains is given by:

= 2fr (R-r) iT2 r (R-r) + 4 r (3)

(s)
The value for D was obtained by inserting the appropriate

number into equation 1. For the WC 846 propellant lot BAJ 45608,

D (S = 0.5473 mam.
0

If the depth of penetration of deterrent is x, the volume of the
undeterred region V is:

un

V Zr2r(R-r)2(r-x) + it2(r- x) I(-)+4rx I (4)

un -37

The total grain volume V was found to be 0.0670 rn3, and the

volume of the undeterred larger V was found to be 0.0381 mm (ref 3).
un

Then, the undeterred region occupies:

V
un 100 = 56.87% of the volume of the grain.

V
0

On the assumption that all of tht deterrent, DBP, i.e., 5.28
percent (table 2) was located in the deterred region, the concentration
of that region was found to be 12.24 percent. The composition of
the deterred and undeterred regions was then calculated and is given
in table 6 along with the overall composition given in table 2. De-
tails of Lhis part of the calculation are given in the appendix.

The values for moisture (H2 0) and residual solveut have been

erbitrarily taken to be equal to one-half of the total volatiles in
the following tables. This was done because the reported values for
moisture are obtained by empirical methods and the validity is
questionable.

15
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Calculation of the composition of the deterrent-containing and.
undeterred region of the spherical ball propellant (unrolled) WC 870
follows the same procedure, except that the geometry of the grain is
assumed to be a sphere which simplifies the applicable equations (i.e.,
equations 2, 3, and 4) accordingly.

The weignted mean diameter based on surface area D (S) of the0

grain of WC 870 Lot A.L. 45137 was found to be 0.7902 amm. The
43

average grain volume, V, was 2.584x1O cm . The average volume of-4-

the undeterred region, V , was found to be 1.649x10 cm and the

undeterred region in the WC 870 propellant was found to occupy
63.79 percent of the total volume of the grain. The compositions of
the deterred and undeterred layers determined from these results are
given in table 5.

The extruded propellants have a uniform grain geometry (i.e.,
single perforated cylinders) as given in table 3. Calculation of the
composition of the deterred and undeterred regions for these propellants
involves the following steps:

1. Calculate the volume of the total grain.

2. Calculate the volume of the deterred region using
the measured depths of deterrent penetration in table 4.

3. Assuming that all of the deterrent is concentrated
in the deterred region, calculate the concentration of the
deterrent in that region. Then, obtain the concentrations of
the other constituents.

4. Assuming total absence of the deterrent in the
undeterred region, calculate its composition.

The results of these computations for the extruded propellants

are given in tables 8 and 9, along with their overall chemical

composition. For purposes of comparison, the percentage of the

propellant grain volume, occupied by the deterrent-containing

rer in for each of the propellants is listed in table 10.

Two methods were used for calculating the thermochemical
properties associated with the compositions given in tables 6, 7, 8,

and 9 were used. One of these was the Hirshfelder-Sherman
Additive Constant method (ref 16). A computer program (ref 17)

based on this method, was used for these calculations.
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Table 6. Overall chemical composition of Wc 846. Lot BAJ 45608 and
the composition of the deterred and undeterred regions

Overall Undeterred Deterred
Ingredient Composition(%) Layer (%) Layer (%)

Nitrocellulose 81.40 86.23 75.01
% nitrogen (13.16) (13.16) 13.16

Nitioglycerin 10.39 11.00 9.57
Dibutyl phthalate 5.61 0.00 13.01
Dinitrotoluene 0.06 0.06 0.05
Diphenylamine 0.97 1.03 0.90
Total volatiles

- Water 0.62 0.66 0.57
- Ethyl acetate 0.61 0.65 0.57

Graphite 0.13 0.14 0.12
Calc ium
carbonate 0.09 0.10 0.09

Sodium sulfate 0.12 0.13 0.11

100.00 100.00 100.00

Table 7. Overall composition of WC 870 Lot A.L. 45137
and the compositions of the deterred and
undeterred layers

Overall Undeterred Deterred
In&redient Composition (%) Layer (%) Layer (%)

Nitrocellulose 79.70 84.13 71.89
% nitrogen (13.11) (13.11) (13.11)

Nitroglycerin 9.21 9.72 8.31
Dibutyl phthalate 5.27 0.0 14.55
Dinitrololuene 0.64 0.68 0.58
Diphenylamine 0.88 0.93 0.79
Total volatiles 1.26 1.33 1.14

- Water 0.63 0.67 0.57
- Ethyl acetate 0.63 0.67 0.57

Graphite 0.10 0.11 0.09
Potassium
nitrate 0.78 .82 0.70

Calcium carbonate 0.79 0.83 .71
Sodium sulfate 0.19 0.20 .17
Tin dioxide 1.18 1.25 1.07

100.00 100.00 100.00
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Table 10. Percentage of propellant grain volume occupied
by the deterrent containing region.

WC 846 WC 870 IMR 4227
Lot BAJ Lot Lot 62L7

Propellant 45608 A.L. 45137

Volume per grain (cm 3 ) 6.70x10- 5  2.584xi0- 4  1.359xi0-4

Volu e of deterred region55 5(CM ) 2.89xl05 9.355x0-5  4.725x0-5

% Deterred volume 43.1.3 36.21 34.75

IMP% 4350 IMR 8138M IMR 4895 IMR 5010 CMR-160

Lot Lot Lot Lot Lot

4047 RAD 44367 A.L. 41070 A.L. 29029 Batch 1000

i.491xi0-3 4.711x10-4 7.091xi0-4 3.178x10-3 5.494xi0-4

4.291xi0- 4 .79 2 xl0-4 1.834xi0-4 1.439xi0- 
3  i.833x10 4

28.79 38.05 25.87 45.28 33.86

The IHirshfelder-Sherman method, although relatively primitive,

has been widely used in the gun propellant field for many

years, and considerable confidence has been established for it.
The other method involved the use of the BLAKE code developed

by Freedman (ref 13). This code is an advanced chemical equilibrium

program especially Formulated for gun ballistic purposes.

To permit ready comparison of the results from the two

methods required a number of minor modifications to the

compositions in tables 6 to 7. As mentioned before, the total
volatiles were assumed to consist of 50 percent moisture (H 2 0)
and 50 percent residual solvent. For the extruded propellant,

the residual solvent was assumed to be ethyl acetate. The data bases

for both codes did not contain data to permit input of compositions
containing soldium sulfate, tin dioxide, or calcium carbonate.

Consequently, those compounds, which when present, were there in

relatively small amounts, were lumped, and considered as potassium

sulfate in the calculations*. The calculations made with the BLAKE
code were done for a loading density of 0.2 g/cc.

*Strictly speaking, sodium sulfate could be handled by the BLAKE code;

but, to permit direct comparison of the results, the same input
compositions were used with both codes.
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The results of the computations are given in table 11.
Agreement between the two methods was found to be very good in
most instances. The largest differences in calculated flame
temperature between the BLAKE code and the Hir3hfelder method
occurred with compositions having very low flame temperatures
(i.e., deterred WC 870, Tv - 2081, 1978).

The Hirschfelder method is based on estimates of the
properties of the product species over a temperature range
found in the common World War II propellants. This method,
thus, is probably less valid with materials that fall too far
outside of that range.

BURNING RATE ESTIMATION

The linear burning rate of propellants as a function of
pressure is commonly described for iverior ballistics calculation
by means of an equation of the following form: r - bPn, known
as the De Saint Robert equation (ref 21.).

Experience has indicated that the linear burning rate of a
propellant increases with the flame temperature. This observation
has led to suggestions for empirical correlations between the
flame temperature of propellant compositions and their burninr
rate parameters (i.e., b and n) in the above equation (r - bP ).

The availability of flame temperature values for both the
deterrent-containing layer and the undeterred layer provided an
opportunity to determine the burning rate parameters for the
various compositions. Furthermore, these values provided an
opportunity to compare the various methods for estimating the
burning rate of gun propellants.

21



04.

r-?4 ,'F-( N 04 CN M c
Q ) 0

V) 00C1

4-4

C) -,4

00

0 U0

0 0 )

z - 00 m w .o00 1~00

V) -W. 4-J m- (Y w. '0 LI) as 00
0 a) 4.4 co cn'~ M ) M CN C4

0 a,4

.H_

4-ii bo

00 r-4 -I es4 r 0 00

u Go

4-1

(Y) 1/'

0
U) c C"') 0 t v

A. E-4 0 0000 "N Ce%4

44J 4-4 4
.0 w

'-4 -4(-

'-4 0 0)22



Cr)(1 V)Lf
*0 Le)4

C144

o -H
r-I

CO 0o Ch "0

-4 0 -4 0 C

Ca)

I V
OH3 w c.0.r-

441 P-4 1:4

M 00 "0 I' rM. * *Y (w) CN 0

~ 00 0 0co 4

0 C
o ~ ~ 0 000 0l. 000 0. 0 0 0C .) (a0 t ' ~ 0 .

P 4 4)

C') V) 0o-
H C N C4

> - 0D(7 '0Lf0%-., r- 0' -0 0 -.-

1 - 4 4 '

CQCw

023



.00

60'

C; C

0 -H0
044%

4 CH-4N

00 00

60~~ *.TCD0

00

0000~0
Uo 1 00 00

44 aa w0

600

0 00

N " 0 0C4 C
N 4- C) m a,- 4 D

PAA
tiel



.0

m Y-r4 -
03~C m J ~ ~ -

44 CA 0.% Or -.

41 w C-4C-4C4N

r4-.404

.00
co4

0 to

0 C;

00

00 00
0 00

,-4 03'

03 * 0

M4 0 m'. 0 0O

Hn LJi

U) Lr4

NC

r*n
CNCY 0 0

Ch0
0N

110
-4-

4-4 03 4

25



CN f1 CNN CNN1
o

0 CaN 0..-A 0
C> 0O% 00.)

#4-4 U
0~ -H

44%L, N CNNu.o C-4%DNr

0. 10

0 00 C, 00 0 ý00

0~ 
00 U C;0U 0

U ~~~ C ) ,. . ~ i0 c oI~
4.U o. 0'- 0- CI

r-4 CLC' 0 'c.

r-4 (UJ

OJ 4.

co 00 C*Hn 00'%.D oo o

H co
co

0) U) C..4 0C)0

3-4 4 0 ~ .ri 04

C)3q co*. 00 0

r, N. N.
Oc l Ll r-

CNNC1 CD~'~ 0 N

M CV) N 4

26



0Or-
0 ,. C1 C1 *1o -iJ CNC

c c,

0"

'-0H 4 -

(NC C-4 C14

130 0 *4

0 0 m C-4

1 0r ) c~C) 0 C)
000

C) 0 1
P 00;c 0 00C:

) C) 0
0 CD C)o C C

u 0J 00 uC

0 C12

r4 CI Y n w n0 lr- 

.r-.
60

U 

41

c% ON 
N0- L) C

CA a O N 
N- 4 00 I

00

-4404 / C



-0m

*00

C,,4 0Ct

o-- CNC4
0- 01 C

44

0 .-#

4-4 N -

4-~0
H4 N. rq - C4

0 0 E1

r4 0 00 u C

U). 0 1 00 0 0 0 0.)0
) 001 00 me"0 0_0ll

Q.c n- - T w~ r-q P

0 0c

1-4a D

CD,

M m

( '4 - 4-44-
- II4

28 C1 (

00 00m LnON 0



.00

HýI

ol C14 (NCN

ci ON C-4

C'ZC CN'0

41-

NO.

~rI 1 O0 Lrzt

02 60 00 N00
004 N.- 00:t0O

Hl 4 I.4

( 04 "1 %0 0 m '4

d)- I n n 41 C1

ON' 0

H- Li,

N N

C..14 (14

W5-4 0. - . .4m 0

C'4 CN n c

CN CN.wlE
w 29

~~iw.~~1 w p-r - - - _ _ _ _ _ _



Four correlations were compared in this study as follows:

Grollman and Nelson (ref 19):

b = (T-1800)(1.65 x 10- 7)(n-"4 ); r = in./s, p psi

b - (T-1800)(4.19 x 10-6)(145n)(n- 9 . 4 ); r = mm, p= MPa

where T is the adiabatic, isochoric flame temperature.

Muraour (ref 20):

r = 0.2 + 0.0000212e 0 .709(T/1000)p; r - in./s,
p = psi

r 0.5 + 0.078e 0 .70 9 (T/1000)p; r m/s
p = MPa

Goldstein (ref 15)*:

-8.15 + 8.62 x 10 4Tb~e v

r = in/sec, p - psi, n 0.7

b e e-8.15 + 8.62 x 10-4Tv (8.2776 x 10 ) n = 0.7

where r mm/s, p = MPa

*NOTE: The following two equations must be used witn the pressure
exponent, n = 0.7

Riefler and Lowery (ref 13):

This correlation is not analogous to the previous three.
It is a direct correlation of burning rate of ball propellants as a
function of their nitroglycerin and dibutyl phthalate content. It is
further discussed in this section.

The estimation methods were evaluated at four flame temperatures.
The temperatures selected were those for the deterrent-containing and
undeterred layers of WC 870 and CMR-160.
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The Riefler and Lowery (ref 13) burning rate correlation
was based on closed-bomb burning rate measurements of a
series of s~.xteen propellanuLs With flame temperatures varying
between 1802 0K and 3131 0 Kand, as explained above, permi~ts
the direct calculation of the burning rate parameters b and n
from the percentage of dibutyl phithalate (DBP) and nitroglycerin
(NC).

Two models are offered by Riefler and Lowery (ref 13),
a constant coefficient model. and a constant exponent model.
The constant exponent model is:

r - (-6.61872) + (%DBP)(-0.052882) + (%NG)(0.015970) P0.8053

where

r in./s, p) psi

In metric units:

r =(1.90 103 )C(-6.61872) + (%D1W) (-0.052882) + (%N;) (0.01,5907) 1)0.8053

where

r =mm/s p WMPa

In the present study, a further correlation of the flame
temperature versus the burning rate coefficient was made wit~h
the Riefler and Lowery experimental data. A constant exponent
(n - 0.8053) was assumed.

A least-squares method was used to fit the flame temperature
and burning rate coefficient data (constant exponent, n -
0.8053). The best fit was obtained with a linear equation as
follows:

1) = -0.0006 4- 0.064 x 10- T
V

where

r = in./s, P psi, n m0.8053

and

bh -0.8340 + 8.3956 x 10- T

where

r =minis, p MPa, n =0.8053
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A plot of the burning i, ooefficient versus flame temperature
with Riefler and Lowery data is given in figure 6 and shows the best
fit straight line.

A comparison of results obtained when burning rates are
calculated by the two Riefler and Lowery correlations. The
results based on the NG, DBP correlation are given in column
A, table 12. The calculation was m.nide possible because the
3200 K and 20000 K propellants correspond with the two regions

in the WC 870 bali propellant. The values obtained by use of
the direct correlation of b versus T carried out in thl . studyv

given in column B. The agreement with the other values is
qult:e satisfactory.

The largest discrepancy in the estimated values occurs
with a low flame temperature in the Grollman & Nelson correlation
probably because the Crollman & Nelson correlation was based
only on conventional gun propellant data, none of which had
flame temperatures under 2400)K.

CONCILJS IONS

1. Measurements of the depth of deterrent penetration
were made for eight small arms propellants.

2. The compositions Of the deterrent-conaining layer
and that of the undeterred region were calculated.

3. The thermochemical data required for interior ballistic
calculations were computed by means of the llirschfelder-
Sherman method aid by means of the BLAKE code.

4. The results of the thermochemical calculations with
the Hirshifelder-Sherman method and the BLAKE code are in good
agreement. Tile largest differences occurred with fordnulat ions
having very low flame temperatures (i.e., 2100*K).
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RECOMMENDATIONS

7. The data base presented in this paper should be used
in available computer codes for closed-bomb and gun interior
ballistics.

2. Efforts should be made to further develop empirical
burning rate correlations based on the flame temperature or
on the heat of explosicn to expand burning rate profile data
for deterred propellants.

3. Further efforts should be madp to refine interior
ballistic codes that permit explicit inputs of thermochemical
and burning rate properties of the various regions in small
arms propellant grains.
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APPENDIX. SAMPLE CALCULATION FOR OBTAINING THE
COMPOSITION OF THE DETERRED AND
UNDETERRED REGIONS

Example: WC 846, LOT BAJ 45608

Composition as Reported on Description Sheet

Nitrocellulose (by difference) 82.42
% nitrogen in NC (13.16)

Nitroglycerin 10.52
Dibutyl phthalate 5.68
Dinitrololuene 0.06
Diphenylamine 0.98
Total volatiles (T.V.) 1.23

Moisture and volatiles 1.06
Residual solvent 0.60

Calcium carbonate 0.13
Sodium sulfate 0.09
Graphite 0.12

101.23

Note: All ingredients except graphite are reported by Badger AAP on
a volatiles free basis. The reader is cautioned that the manner
of reporting differs with different manufacturers,

1. To convert the reported percentages to percentage of the total
propellant including total volatiles:

(A-i)
fraction of ingredient i fraction of ingredient i (100-T.V.)
on the total propellant x 100 - on volatiles free basis x

basis

where T.V. = % total volatiles.

Example for nitroglycerin:

Let X = fraction of nitroglycerin on total propellant basis
then from equation A-1.

X = 0.1052(100-1.23)
o00

X = 0.1039

0.1039 x 100 10.39% nitroglycerin total propellant basis.
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2. Composition of the WC 84U propellant on a total propellant

basis is therefore:

INGREDIENT

Nitrocellulose 81.40
% nitrogen in NC (13.16)

Nitroglycerin 10.39
Dibutyl phthalate 5.61
Dinitrololuene 0.06
Diphenylamine 0.97
Total voltiles (1.23)

Moisture 0.62
Residual solvent 0.61

Calcium carbonate 0.13
Sodium sulfate 0.09
Graphite 0.12

100.00

3. For purposes of the thermochemical calculations, the total
volatiles were arbitrarily split with half reported as moisture
(H20) and half as residual solvent (ethyl acetate). For single
base propellants, the residual solvent is assumed to be ethyl alcohol.

4. No DBP is present in the undeterred region. To report the
composition on a DBP free basis:

, (A-2)
fraction of ingredient i x l00-%DBP = fraction of ingredient i 100

in undeterred region in overall composition x

*% DBP in overall composition

Example for nitroglycerin:

Let X - fraction of nitroglycerin in undeterred region.

Then from equation A-2,

X (100-5.61) - 0.1039(100)

X = 0.1039(100) - 0.110194.39

and 0.1101 x 100 11.01% - percentage of nitroglycerin in
the undeterred region.
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5. The composition of the undeterred region in the WC 846
propellant is:

INCREDIENT %

Nitrocellulose 86.23
% nitrogen in NC (13.16)

Nitroglycerin 11.00
Dibutyl phthalate 0.00
Dinitrololuene 0.06
Diphenylamine 1.02
Total volatiles

Moisture 0.66
Residual solvent 0.65

Calcium carbonate 0.14
Sodium sulfate 0.10
Graphite 0.13

100.00

6. As axplained under the section of this report on thermochemical
calculations, the measured depth of penetration was used to obtain the
weight percent of the region containing deterrent. (For WC 846,
this was 43.13%.)

Therefore, in 100 g of the WC 846 propellant, the deterrent
containing region weighs 43.13 g.

Also, of 100 g of the WC 846 propellant, 5.61 g are dibutyl
phthalate deterrent.

Since all of the dete:rent is in the 43.13 g of deterrent-
containing region, the concentration of DBP in that region is:

.6 100 = 13.01%
43.13

7. The deterrent-containing region contains all of the DBP; the
other ingredients are present in the same proportion as in the un-
deterred region.
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Therefore,
(A- 3)

iraction of ingredient i 100 fraction of ingredienti **x =0 x (100-%DBP)
in deterred region in the undeterred region

**% DPB in the deterrent-containing region.

Example for nitroglycerin:

Let X - fraction of nitroglycerin in the deterred region.

Then,

0.1100(100-13.01)lO00

X 0.0957

and 100(0.0957) = 9.57% = percentage of nitroglycerin in the

deterred region.

8. The composition of the deterrent containing region is:

INGREDIENT %

Nitrocellulose 75.01
% nitrogen in NC (13.16)

Nitroglycerin 9.57
Dibutyl phthalate 13.01
Dinitrotoluene 0.05
Diphenylamine 0.90
Total volatiles

Moisture 0.57
Residual solvent 0.57

Calcium carbonate 0.12
Sodium sulfate 0.09
Graphite 0.11

100.00
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W,

The average volume of the rolled-ball grains is given by:

V 2wr +r 2) 22r (3)

(S)The value for D was obtained by inserting the appropriate
0number into equation 1. For the WC 846 propellant lot BAJ 45608,

D (S) . 0.5473 mm.

If the depth of penetration of deterrent is x, the volume of the
undeterred region V is:

un
:V Vunffi 2 (R--r)2(r-x) + Tr (r- x)2 (R-r) + 4(r-_•I_3 (4)

3The total grain volume V was found to be 0.0670 mm3, and the
0

volume of the undeterred larger V was found to be 0.0381 mm (ref 3).
un

Then, the undeterred region occupies:

V un 100 - 56.87% of the volume of the grain.

V

On the assumption that all of the deterrent, DBP, i.e., 5.28
percent (table 2) was located in the deterred region, the concentration
of that region was found to be 12.24 percent. The composition cf
the deterred and undeterred regions was then calculated and is given
in table 6 along with the overall composition given in table 2. De-
tails of this part of the calculation are given in the appendix.

The values for moisture (H2 0) and residual solvent have been

arbitrarily taken to be equal to one-half of the total volatiles in
the following tables. This was done because the reported values for
moisture are obtained by empirical aethods and the validity is
questionable.
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Calculation of the composition of the deterrent-containing and
undeterred region of the spherical ball propellant (unrolled) WC 870
follows the same procedure, except that the geometry of the grain is
assumed to be a sphere which simplifies the applicable equations (i.e.,
equations 2, 3, and 4) accordingly.

The weighted mean diameter based on surface area D (S) of the

grain of WC 870 Lot A.L. 45137 was found to be 0.7902 Mm. The
4 3

average grain volume, V, was 2.584xlO- cm . The average volume of
-4 3

the undeterred region, Vn, was found to be 1.649x10 cm and thethe uneterre

undeterred region in the WC 870 propellant was found to occupy
63.79 percent of the total volume of the grain, The compositions of
the deLerred and undeterred layers determined from these results are
given in table 5.

The extruded propellants have a uniform grain geometry (i.e.,
single perforated cylinders) as given in table 3. Calculation of the
composition of the deterred and undeterred regions for these propellants
invelves the following steps:

1. Calculate the volume of the total grain.

2. Calculate the volume of the deterred region using
the measured depths of deterrent penetration in table 4.

3. Assuming that all of the deterrent is concentrated
in the deterred region, calculate the concentration of the
deterrent in that region. Then, obtain the concentrations of
the other constituents.

4. Assuming total absence of the deterrent in the
undeterred region, calculate its composition.

The results of these computations for the extruded propellants

are given in tables 8 and 9, along with their overall chemical
composition. For purposes of comparison, the percentage of the
propellant grain volume, occupied by the deterrent-containing

region for each of the propellants is listed in table 10.

Two methods were used for calculating the thermochemical
propertie's associated with the compositions given in tables 6, 7, 8,
and 9 were used. Ore of these was the Hirshfelder-Sherman
Additive Constant method (ref 16). A computer program (ref 17)
based on this method, was used for these calculations.
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